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The direct observation of the phase separation between the metallic and insulating states of
75 %-deuterated κ-(ET)2Cu[N(CN)2]Br (d33) using infrared magneto-optical imaging spectroscopy
is reported, as well as the associated temperature, cooling rate, and magnetic field dependencies
of the separation. The distribution of the center of spectral weight (〈 ω 〉) of d33 did not change
under any of the conditions in which data were taken and was wider than that of the non-deuterated
material. This result indicates that the inhomogenity of the sample itself is important as part of
the origin of the metal - insulator phase separation.
PACS numbers: 71.27.+a, 78.20.Ls, 75.30.Kz
Since organic conductors have a variety of physical
properties, many research works have been performed
for a long time. In the organic conductors, quasi-two-
dimensional materials attract attention for their simi-
lar physical properties to high-TC cuprates. The ground
state of the quasi-two-dimensional organic conductor, κ-
(ET)2X (ET = bis(ethylenedithio)-tetrathiafulvalene, X
= Cu[N(CN)]2Br, Cu[N(CN)]2Cl, Cu(NCS)2 and so on)
in this case, is determined by the universal parameter
U/W , where U and W are the on-site Coulomb energy
and band width, respectively, of the upper HOMO band
of, in this case, the ET dimer. [1] This type of material is
classified as a Mott insulator system. In the κ-(ET)2X ,
especially X = Cu[N(CN)2]Br, the superconducting (S)
state directly changes to the antiferromagnetic (AFI)
state below about 11 K with increasing U/W at around
U/W = 1. [2, 3, 4] The U/W parameter can be controlled
by the deuteration and cooling rate. [5] At the boundary,
it is believed that the phase separation with µm-scale do-
mains between S and AFI states appears. But there is no
experimental result that has directly verified this obser-
vation. [6] In this paper, we report the direct observation
of the phase separation and its temperature, cooling rate
and magnetic field dependences.
Partially deuterated κ-(ET)2Cu[N(CN)2]Br shows
characteristic physical properties. In 75 % deuterated
material (denoted as d33 hereafter), the phase changes
from S to AFI when the cooling rate is increased, and
also a magnetically induced S - AFI transition is ob-
served in 50 %-deuterated material. [6, 7, 8] Both of these
∗E-mail: tnishi@ims.ac.jp
transitions are considered to relate to the phase separa-
tion. [9] Especially, d33 indicates the partial S state in
the fast cooling condition observed in the ac susceptibil-
ity experiment. Both the size of the separated phases
and the electronic behavior of the crossover between the
S and AFI phases are unsettled questions. [6] For ex-
ample, in high-TC cuprates, the phase separation on the
nanometer scale has been observed by scanning tunnel-
ing microscopy. [10] Contrary to this, the domain size of
κ-(ET)2X is believed to be on the µm-scale, although
again there is no information regarding the specifics of
this.
To investigate metal - insulator domains like these on
the µm-scale and the temperature and magnetic field de-
pendencies of the associated transitions, Kimura et al.
constructed an infrared magneto-optical imaging spec-
troscopy apparatus. [11, 12] The main purpose of this
apparatus is to investigate the spatial distribution of op-
tical reflectivity spectra as well as the electronic structure
near the Fermi level at low temperatures and magnetic
fields. Using this apparatus, infrared reflectivity spectra
in the presence of magnetic fields and their spatial con-
tribution can be obtained, and the spatial distribution of
metallic and insulating states can be observed based on
the spectral shape. Based on these methods, we firstly
observed here the phase separation of the metallic and in-
sulating states in d33 in contrast to no phase separation
in the non-deuterated material (d00), and the temper-
ature, cooling rate, and magnetic field dependencies of
those transitions.
Single crystals of partially- and non-deuterated κ-
(dnn-ET)2Cu[N(CN)2]Br were prepared by a conven-
tional electrochemical oxidation method. The samples
were placed on a substrate using a silver paste that
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FIG. 1: (Color) Spatial distribution of the center of spectral
weight (〈 ω 〉) of d00 at 50 K, 0 T (a), 4 K, 0 T in the
fast cooling condition (b) and 4 K, 0 T in the slow cooling
condition (c). (d) Reflectivity spectra at the same point of
d00 near the center of the image under the conditions in (a)-
(c). Metallic and insulating reflectivity spectra appear at 4
and 50 K at ambient magnetic field, respectively. (e) Statistic
distribution of 〈 ω 〉 for the conditions in (a)-(c).
avoided putting stress on the samples. The optical re-
flectivity measurements between ω = 800 - 8000 cm−1
were performed at the infrared magneto-optical station
of the beam line 43IR of a synchrotron radiation facil-
ity, SPring-8, in Hyogo, Japan. [11, 12] The two cooling
rates for both of d00 and d33 were set to 17 K/min for
fast cooling (fc), and 0.05 K/min for slow cooling (sc)
in the temperature range of 90 - 70 K. Two-dimensional
imaging data were obtained by measuring each sample
with 12 µm steps in the same area with a spatial resolu-
tion of less than 20 µm. All spectra were recorded using
unpolarized light because the overall spectral change due
to the outer perturbations is discussed, though polarized
reflectivity spectra are usually used for the analysis of
the electronic and phonon structures.
The results for d00 at T = 50 and 4 K at B = 0 T
are shown in Figure 1. This material is in the S and
paramagnetic insulating (PI) phases at 4 and 50 K, re-
spectively. The physical characteristics are reflected in
the temperature dependence of the infrared reflectivity
spectrum in Fig. 1 (d). The spectra at 4 K, 0 T in both
cooling conditions have metallic reflectivities in the low
wave number region and that at 50 K, 0 T has an in-
sulating reflectivity based on its almost constant reflec-
tivity below 2000 cm−1 except for the TO phonons at
around 1300 cm−1. These spectral shapes are consistent
with previous work. [13, 14] Because of the conservation
of spectral weight, the reflectivity at around 3000 cm−1
drops and rises at 4 and 50 K, respectively. This behavior
corresponds to the temperature dependence of the elec-
tronic structure of the lower- and upper-Hubbard bands
as described by a typical Mott transition. To clarify the
change in the reflectivity spectrum as well as the change
in the electronic structure, the center of spectral weight
of the reflectivity spectrum (〈 ω 〉) was obtained by using
the following function:
〈 ω 〉 =
∫ ω2
0
ωR(ω)dω
∫ ω2
0
R(ω)dω
.
Here, the integration area was limited below ω2 =
5000 cm−1 in which the sum rule is satisfied. In an or-
dinary case, the sum rule is evaluated from optical con-
ductivity spectra derived from the Kramers-Kronig anal-
ysis of the reflectivity spectra. However, to clarify the
spectral change due to a difference in the conditions, we
employed the reflectivity spectra to determine 〈 ω 〉.
The spatial distributions of 〈 ω 〉 at 50 K, 0 T, at 4 K,
0 T in the fc condition and at 4 K, 0 T in the sc condi-
tion are shown in Figs. 1 (a), (b) and (c), respectively.
In comparison between Figs. 1 (b) and (c), the cooling
rate effect is small in d00. Judging from the physical
properties at 4 and 50 K, the blue-colored region is the
insulating phase and the colors from green to red are
the metallic phase. At 50 K, the material is clearly in a
uniform insulating phase. At 4 K, it must change to a
uniform S phase in the both cooling condition. However,
the color is not uniform. This indicates that the elec-
tronic structure on the sample surface is not constant.
Note that since the reflectivity spectrum in the S phase
is a metallic one, the S and metallic states cannot be dis-
tinguished by this method. The difference between the
metallic and insulating states, however, can be clarified.
Figure 1 (e) indicates the 〈 ω 〉 distribution in the ar-
eas indicated in Figs. 1 (a), (b) and (c). The center and
full width (2σ) of 〈 ω 〉 are 2486 and 60 cm−1 at 50 K,
0 T, 2066 and 94 cm−1 at 4 K, 0 T in the fc condition
and 2150 and 97 cm−1 at 4 K, 0 T in the sc condition,
respectively. The 〈 ω 〉 distributions at 4 K, 0 T in both
conditions are larger than that at 50 K, 0 T. This means
that the electronic structure becomes inhomogenity with
decreasing temperature. The 〈 ω 〉 distributions at 50
and 4 K are clearly separated from each other. Based on
this, the phase transition from insulator to metal (super-
conductor) must occur over the whole sample surface of
d00. Figure 1 (d) indicates that the 〈 ω 〉 distribution is
completely separated at the boundary of 2300 cm−1. For
future reference, the boundary between the metallic and
insulating states is hereafter referred to as ωMI . Note
that the width of the 〈 ω 〉 distribution indicates the in-
homogenity in each phase and can be used for comparison
with that of d33.
The same analysis was performed on d33 and the re-
sults are shown in Figure 2. The material is in the S, AFI,
PI and paramagnetic metallic (PM) phases at 4 K, 0 T in
the sc condition, at 4 K, 0 T in the fc condition, at 50 K,
0 T and at 4 K, 5 T in the sc condition, respectively. The
magnetic field of 5 T that is above Hc2 (∼ 4 T) at 4 K
was applied perpendicular to the ac-plane. Figure 2 (a)
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FIG. 2: (Color) Spatial distributions of 〈 ω 〉 of d33 at 50 K,
0 T (a), 4 K, 0 T in the fast cooling condition (b), 4 K, 0 T in
the slow cooling condition (c) and 4 K, 5 T in the slow cooling
condition (d). There were no difference at 50 K, 0 T in (a)
between the two cooling rates. (e) Statistic distributions of
〈 ω 〉 for conditions in (a) - (d). ωMI is the metal - insulator
boundary evaluated from d00. (See text for detail.)
shows the result at 50 K in the sc condition. There was
no difference between the sc and fc cases. The results
indicate there was no difference between the two cooling
rates. This means that the PI state is not affected by the
cooling rate. The whole area is in the insulating phase
based on 〈 ω 〉 for this phase being distinctly higher than
ωMI , as shown in Figure 2 (e). The center wave number
of 〈 ω 〉 at 50 K, 0 T is about 2510 cm−1, similar to that
observed for d00. Therefore, the electronic structure of
the PI phase in d33 are the same as those in d00. How-
ever, the 2σ of the 〈 ω 〉 distribution is about 120 cm−1,
much larger than that for d00. Assuming the width in-
dicates the level of inhomogenity, the sample surface of
d33 is clearly more inhomogeneous than that of d00.
In the fc condition, d33 is nearly in the insulating phase
at 4 K, 0 T as shown in Fig. 2 (b). This is consistent
with the observation that d33 is in the AFI phase un-
der these conditions. However, the center of 〈 ω 〉 is
slightly shifted to the metallic (lower wave number) side,
as shown in Fig. 2 (e). This puts the AFI phase closer
to the ωMI boundary, which is consistent with the loca-
tion of the AFI phase being in the vicinity of the Mott
boundary. The width of the 〈 ω 〉 distribution is similar
to that at 50 K, 0 T in Fig. 2 (a). The tail of the 〈 ω 〉
distribution crosses ωMI . This indicates that a tiny area
in the sample surface changes to metallic state, i.e., the
phase separation between metal and insulator appears.
The metallic phase can be evaluated to be 2.5 % based
on the percentage of 〈 ω 〉 below ωMI .
As shown in Fig. 2 (c), the phase in the sc condition
at 4 K, 0 T is almost metallic based on the 〈 ω 〉 dis-
tribution shifting to around 2150 cm−1 below ωMI . The
center wave number is equal to that of d00 in the sc con-
dition. This means that the electronic structure of d33
in the S state is the same as that of d00. However, the
width is larger than that of d00. The width is similar to
those at 50 K, 0 T and also at 4 K, 0 T in the fc condition.
This indicates similar inhomogenity under all conditions.
As shown in Fig. 2 (e), the tail of the high wave number
side of the 〈 ω 〉 distribution crosses ωMI . The volume
fraction of the metallic phase that is evaluated based on
the percentage of the 〈 ω 〉 below ωMI is 99 %. In com-
parison with the fc condition in Fig. 2 (b), the metallic
volume fraction in the sample increases with a decreas-
ing cooling rate. This is qualitatively consistent with the
result of the ac susceptibility experiment by Taniguchi et
al. [6] However, if the metallic area is regarded as a per-
fectly superconducting phase, the value is much higher
than that received by the ac susceptibility measurement.
To explain the controversy, the PI phase is considered to
be present in part of the metallic area.
When a magnetic field is applied, the S state collapses
and changes to a PM state as indicated in electrical re-
sistivity data. [8, 15] As shown in Fig. 2 (d), the spatial
image of 〈 ω 〉 shifts to the red color side, which indi-
cates the phase changed to very metallic. 〈 ω 〉 indicates
the spectral shape as well as the electronic structure near
the Fermi level including the lower- and upper-Hubbard
bands. This indicates that the electron correlation is re-
duced by a magnetic field. As shown in Fig. 2 (e), the
center of the 〈 ω 〉 distribution shifts to the low wave
number side, but the width is almost the same as that
under other conditions.
To evaluate the different wave number in 〈 ω 〉 due to
each condition, the difference (∆) from that in 50 K, 0 T
at the same measured points were derived from Figs. 1
and 2. The statistic distribution is plotted in Fig. 3. In
the case of d00, the character in the fc condition is more
metallic than that in the sc condition with a similar ∆
shape (the 2σ is 84 ± 6 cm−1 for fc and 72 ± 3 cm−1
for sc). Since the ∆ width is smaller than the 〈 ω 〉 one
(∼ 90 cm−1) in Fig. 1, the phase changes uniformly. On
the other hand, in the case of d33, all of the widths of
the ∆ distribution are 73 ± 5 cm−1, which is much lower
than the 〈 ω 〉 widths shown in Fig. 2 (e). This means
that the shift values for each point are almost the same,
i.e., the spatial inhomogenity shown in Figs. 2 (a) - (d)
originates from the inhomogenity contained in the mate-
rial itself. The width of ∆ for d33 is similar to that of
d00, and is almost constant for all conditions in d33 and
also in d00. This narrow 〈 ω 〉 distribution for d00 indi-
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FIG. 3: (Color) Bars: Statistic distributions of the change
in 〈 ω 〉 in each condition from that in 50 K, 0 T at the same
points. The lines are Gaussian fitted curves. ∆ indicates
〈 ω 〉T,B - 〈 ω 〉50K,0T .
cates that the phase transition was highly uniform. On
the other hand, the wide 〈 ω 〉 distribution for d33 ex-
plains the metal-insulator phase transition, i.e., the most
metallic (insulating) side remains in the metallic (insu-
lating) phase even though the other area changes to the
insulating (metallic) phase. Therefore the inhomogenity
contained in the partial deuterated material itself is con-
cluded to be the origin of the metal (superconductor) -
insulator phase separation.
Finally, the domain size of the metal and insulator
states is discussed. The experimental results indicate
that the sample surface of d33 itself is more inhomoge-
neous than that of d00 because the width of the 〈 ω 〉
distribution of d33 is larger than that of d00. If the do-
main size is larger than the spatial resolution of about
20 µm in this experiment, the 〈 ω 〉 distribution splits
into two parts across ωMI . However, since the 〈 ω 〉
distribution of d33 is not a double peak structure but a
broad single peak, the domain size is smaller than the
experimental resolution of 20 µm. However, the 〈 ω 〉
distribution should be narrow in the case of a very small
domain size because no contrast appears. According to
a simple simulation performed to explain the wide 〈 ω 〉
distribution of d33, the domain size was evaluated to be
about one order smaller than the spatial resolution, i.e.,
the domain size must be a few µm. To clarify the ac-
tual domain size, the normal infrared microscopy is not
suitable because of the diffraction limit but a near-field
infrared experiment with the sub-µm resolution may give
us useful information.
To summarize, the direct observation of the phase sep-
aration of 75 %-deuterated κ-(ET)2Cu[N(CN)2]Br (d33)
was observed and compared with the non-deuterated ma-
terial (d00) using infrared magneto-optical imaging spec-
troscopy. The sample surface of d33 was found to be
more inhomogeneous than that of d00. This inhomogen-
ity was consistent under different conditions, including
under magnetic fields. The phase separation in d33 orig-
inates from the inhomogenity contained in the material.
The domain size of the metallic and insulating states in
d33 at the ground state is concluded to be a few µm. The
reflectivity spectrum of d33 at 5 T was more metallic than
that at 0 T. This reason is that the electron correlation
plays an important role for the superconducting state at
0 T.
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